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应研究。在 N2/H2（或 D2）(V/V) = 1/3、0.2 MPa、633 ∼ 733 K 和 GHSV = 24000 
h−1 或 12000 h−1 的反应条件下，分别检测了钌基（纯钌、Ru/γ-Al2O3、K-Ru/γ-Al2O3、









文中第二部分初步研究了 CO 加氢甲烷化反应的氘同位素效应研究。在 523 
~ 558 K，0.2 MPa 和 12000 h-1 空速条件下分别测定了 Ru/MgO 催化剂上 CO/3H2

















最丰反应物种是非解离的 CO，反应条件下催化剂表面的 CHx*（x = 0 ~ 3）物种
的量非常的少。结合原位红外光谱实验和 CO 加氢甲烷化的氘反同位素效应的实
验事实，认为在 Ru/MgO 催化剂上 CO 加氢后再解离是 CO 加氢甲烷化反应的速
率控制步骤，CO 解离后的 CHx*物种的加氢成甲烷是快速步骤。在 CO 加氢成甲
烷和 N2 加氢成氨这两个相似的反应中，氢都参与了 CO 和 N2 解离的反应速率控
制步骤。 
文中第三部分通过碱土金属化合物促进剂阴离子和阳离子的选择对比，考
察相应催化剂氨合成反应活性的差异。在 673 ~ 773 K，0.2 MPa 和 12000 h-1 空
速条件下分别测定了 BaF2-Ru/MgO 和 BaO-Ru/MgO 两种催化剂的氨合成反应活
性，结果表明：促进剂阴离子的电负性越大，其氨合成反应性能越好。653 ~ 813 




































The industrialization of ammonia synthesis has not only solved the food crisis 
problem caused by the rapid increasing of population, but also established the basis of 
heterogeneous catalysis and drove a series of fundamental research. Extensive and 
intensive researches have carried on this quite simple reaction. However, the thorough 
understanding into this catalytic reaction has not been achieved at the molecular level 
yet. For example, at present, it is not clear that whether the hydrogen involves in the 
dissociation of nitrogen, the rate-determining step of ammonia synthesis. 
     In this dissertation, the following researches have performed in order to clarify 
whether the hydrogen involves in the dissociation of nitrogen: the deuterium isotopic 
effect in ammonia synthesis; the deuterium isotopic effect in CO methanation; the 
promotion mechanism of alkaline earth metal compounds promoter.  
     In the first section, we investigated the deuterium isotopic effect over both 
Ru-based and Fe-based catalysts including pure Fe, multi-promoted fused Fe, pure Ru, 
Ru/γ-Al2O3, K-Ru/γ-Al2O3, Ru/MgO, K-Ru/MgO and Ba-Ru/MgO for ammonia 
synthesis under reaction condition of N2/H2 (or D2) (V/V) = 1/3, 0.2 MPa, 633 ∼ 733 
K and GHSV = 24000 h−1 or 12000 h−1 and observed a strong deuterium inverse 
isotopic effect (DIIE) over about catalysts. Based on the discussion of the reason of 
DIIE, it was found that the explanation based on thermodynamics could not agree 
with the related experiment facts; the DIIE in ammonia synthesis was dynamics in 
nature. The DIIE trend along with various catalysts and elevated temperature 
indicated that the associative route might be major, the dissociative route might be 
minor and the two routes could be competed each other in ammonia synthesis. On the 
same time, the K promoter may increase the possibility that reaction carries on 
according to the associative route, and may increase the probability which carries on 
by way of [N2H2]≠ or [N2D2]≠, thus has the obvious promotion effect. 
     In the second section, we investigated the deuterium isotopic effect over 















523 ~ 558 K，0.2 MPa 和 12000 h-1 and observed DIIE, similar to ammonia synthesis. 
The result of in-situ FTIR showed that the most abundant reaction intermediate 
(MARI) was CO* under reaction conditions. Based on the MARI and DIIE, it was 
suggested that the rate-determining step was the hydrogenolysis of CO, the 
hydrogenation of CHx* (x = 0 ~ 3) species was the fast step. In the reactions of CO 
methanation and nitrogen hydrogenation into ammonia, the hydrogen involves both in 
the CO and N2 dissociation. 
     In the third section, the ammonia synthesis activities were evaluated over 
BaF2-Ru/MgO and BaO-Ru/MgO catalysts under reaction condition of N2/H2 (V/V) = 
1/3、673 ~ 773 K，0.2 MPa 和 12000 h-1. The results indicated that the catalysts had 
better performance with higher electro-negativity of promoter anion. Furthermore, the 
ammonia synthesis activities were evaluated over BaO-Ru/C, SrO-Ru/C, CaO-Ru/C 
and MgO-Ru/C catalysts under reaction condition of N2/H2 (V/V) = 1/3、653 ~ 813 K，
0.2 MPa 和 12000 h-1. The results showed that the promotion effect was more 
effective and less activation energy with the bigger of the radii of alkaline earth metal 
promoter cation. These results agree well with the theoretical expectations of the 
charge - dipole interaction promotion model. This indicates that the ammonia 
synthesis reaction may carry on by the way of –[N=N]δ––Hδ+ transition state, and the 
hydrogen may involve in the dissociation of N2.  
In conclusion, the results indicated that the hydrogen involved in the 
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N2 * + H * →N2H *，N2H * → NH * + N *等。目前比较明确的是：氨合成催化反
应的总包反应的化学计量数为 1[11, 12]；氮的吸附解离是反应的速率控制步骤
（rate-determining step, RDS）[4]。但遗憾的是在反应条件下氮到底是如何吸附解
离的目前还不十分清楚。根据解离式机理，RDS 是氮分子的直接吸附解离(N2 *→ 
2N*)，氢没有参与 RDS。而缔合式机理认为，RDS 是氮分子的加氢解离(N2 + H 






























（or Eley-Rideal mechanism） 
Elementary Step SN Elementary Step SN
（1）N2 + 2 * ⇔ 2N* 1 （6）N2 + * ⇔ N2* 1
（2）H2 + 2 * ⇔ 2H* 3 （7）N2* + H2 ⇔ N2H2* 1
（3）N* + H* ⇔ NH* 2 （8）N2H2* + H2 ⇔ N2H4* 1
（4）NH* + H* ⇔ NH2* + * 2 （9）N2H4* + H2 ⇔ 2NH3 + * 1
（5）NH2* + H* ⇔ NH3 + 2* 2  1







道的能级有关。其 HOMO 轨道 3σg 能量很低，因此，N2 的电离能（15.5808 eV）
很高，接近 Ar 的值（15.75962 eV）[23]，同时 N2 的 LUMO 轨道 1πg 能量比 HOMO
轨道高出了 8.6 eV。这样不论是作为电子给予体或接受体，N2 在化学上都是很

















25]，因此 N2 在催化剂表面如何吸附和解离是理清氨合成反应具体机理的关键。 
铁催化剂是第一个实现工业化的氨合成催化剂，因此 N2 在铁上的吸附和解
离的研究开展得 早和 深入。Emmett 等[24, 25]在双促进、单促进和非促进的铁
催化剂上的吸附实验表明氮的化学吸附速率与氨生成的速率接近，因此他们认为
氮的吸附解离是氨合成反应的速率控制步骤。Ertl 等[26, 27]发现在低压（<10-4torr，
1 torr = 0.000133322 MPa），683 K 下，铁不同晶面上的 N2化学解离黏着系数
（sticking coefficients）差别很大：Fe(111) (4×10-6) > Fe(100) (2×10-7) > Fe(110) 
(7×10-8)。而在 Ru(0001)上，Ertl[28]通过高分辨电子能量损失谱（HREELS）和热
脱附谱（TDS）实验得到 N2 化学解离黏着系数为 2×10-6，与 Fe(111)上的 N2 化学
解离黏着系数值接近。Somorjai[20]在 20 atm (1 atm = 0.101325 MPa)，798 K 条件
下发现氨合成活性与铁的晶面相关，不同铁晶面上的氨合成活性比例是：Fe(111) : 








1.2.1 N2 在铁和钌上的吸附 
为了明确 N2 在 Fe 和 Ru 催化剂上的吸附解离过程，Ertl 等对 N2/ Fe(111)体
系进行了大量的研究。热脱附和 XPS 实验表明 N2 在 Fe(111)表面有三种不同的
吸附态：γ-N2*、α-N2*和 β-N*[26]。T < 80 K 时，洁净的 Fe(111)面暴露在 N2 下，
可得到 γ-N2*吸附态（N 1s 结合能在 406 eV 和 401 eV 左右[29]，15N2 的伸缩振动
频率为 2100 cm-1[30]），在 100 K 左右大部分的 γ-N2*脱附，其吸附能约为 24 
kJ/mol[31]。γ-N2*是一种单端基吸附（end-on）的弱化学分子氮吸附态，N2 分子
轴垂直于吸附面。当 T = 100 K 时，洁净的 Fe(111)面暴露在 N2 下，可得到 α-N2*
吸附态（N 1s 结合能在 399 eV 左右，15N2 的伸缩振动频率为 1490 cm-1[29]），在
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